sequences. The gene families are also considered as a unique source for evolutionary studies. Moreover, the whole set of common carp zinc transporters provides an important genomic resource for future biochemical, toxicological and physiological studies of zinc in teleost.
zinc transporters in the teleost zinc homeostasis, extensive studies have been conducted. For instance, Yan et al. reported that SLC39A7 played critical role in the formation of eye, brain and skeleton during early embryonic development in zebrafish [8] . Feeney et al. mined zinc transporters from three teleost genomes including zebrafish, fugu and Tetraodon, and concluded the evolutionary conservation of these genes between mammals and teleost [9] . However, studies on teleost zinc transporters have been mainly limited to model species due to the limitation of genomic resource in non-model fish species.
Common carp, Cyprinus carpio, one of the most significant aquaculture fish species, is widespread all over the word especially in Europe and Asia. Great efforts have been made in developing genomic resources in recent years. These genomic resources included a large number of ESTs [10] , BAC end sequences [11] , comprehensive transcriptome obtained by RNA seq [12, 13] , single nucleotide polymorphism (SNPs) [14] , genetic and physical maps [15, 16] . The common carp whole genome sequences have recently been published [17] . It is known that common carp genome is allotetraploidized genome which had experienced additional round of whole genome duplication (WGD) comparing with most other teleost. Therefore, the complexity of the tetraploidized genome and gene duplications may cause misidentification in assembly and annotation. Examination of gene families with phylogenic or orthology analysis would verify the whole genome sequences assembly and annotation [18] . In this study, by utilizing all available common carp genomic resources, we identified 37 zinc transporter genes across the genome. Further phylogenetic and syntenic analysis confirmed the annotation. Moreover, we examined the tissue distribution of zinc transporter genes in common carp. The expression patterns of each gene, together with the information of orthologs identified from other species, were used for the inference of the potential function of zinc transporter genes in common carp. Our study on examining gene families in common carp not only supported the accuracy of the common carp whole genome sequences assembly and annotation, but also provided valuable genomic resources for the future evolutionary, biochemical, toxicological, and physiological studies on common carp and other teleost.
Results and Discussion

Identification of Zinc Transporters in Common Carp
The mammalian SLC30 transporters belong to a large superfamily of transporters called cation diffusion facilitator that includes zinc transporters with similar topology among bacteria, fungi, nematodes, insects, plants, and mammals [19] . Through utilizing all available genomic resources, here, we identified a total of 37 zinc transporter genes in common carp genome, including 17 SLC30 members and 20 SLC39 members. All coding sequences of zinc transporter genes were deposited to DDBJ database with continuous accession number of AB987974- AB988010 (Table 1) . Detailed information of their corresponding genomic sequences, coding sequences, number of exons are summarized in Table 1 . For SLC30 family, a total of 17 members were identified in the common carp genome, including SLC30A1a-1, SLC30A1a-2, SLC30A1b-1, SLC30A1b-2, SLC30A2-1, SLC30A2-2, SLC30A4, SLC30A5-1, SLC30A5-2, SLC30A6, SLC30A7-1, SLC30A7-2, SLC30A8, SLC30A9-1, SLC30A9-2, SLC30A10-1, SLC30A10-2 (Table 1) . Full length coding sequences were obtained for 10 of the 17 SLC30 family members. For SLC39 family, 20 members were identified in common carp, including SLC39A1-1, SLC39A1-2, SLC39A3-1, SLC39A3-2, SLC39A4-1, SLC39A4-2, SLC39A4-3, SLC39A5-1, SLC39A5-2, SLC39A6-1, SLC39A6-2, SLC39A7-1, SLC39A7-2, SLC39A8, SLC39A9-1, SLC39A9-2, SLC39A10, SLC39A11, SLC39A13, and SLC39A14. Full length coding sequences were obtained for 15 members of all 20 SLC39 members ( Table 1 ). The genomic structure of each gene member of SLC30 and SLC39 are shown in S1 As shown in Fig. 1 , all SLC30s possess one Cation_efflux domain except for SLC30A1b-2 and SLC30A2-2 with two Cation_efflux domains. Cation_efflux domain functions as efflux pumps that remove cations such as zinc ions from cells, and it contains various number of transmembrane domain (TM). ZnT5 (SLC30A5-1 and SLC30A5-2) is the only exception which contains additional TM at the N-terminal end of the protein. This finding is consistent with the structure of mammalian ZnTs [4] , indicating the high conservation of the ZnTs. All SLC39s possess at least one Zip domain, of which SLC39A4-1, SLC39A4-2, SLC39A6-1, SLC39A7-2 and SLC39A9-1 possess two Zip domains (Fig. 1 ).
Phylogenetic Analysis of SLC30 Transporters
The phylogenetic analysis can be used to support the gene annotation, especially for non-model species [18] . Reference zinc transporter genes from representative vertebrate model species were used for phylogenetic analysis, including Homo sapiens (human), Mus musculus (mouse), Gallus gallus (chicken), Anolis carolinensis (lizard), Xenopus (frog), Oryzias latipes (medaka), and Danio rerio (zebrafish). The phylogenetic analysis results showed that each of common carp zinc transporter genes clustered with its respective counterpart from other species (Fig. 2) , indicating all genes in zinc transporter gene family are highly conserved.
For SLC30 family, as revealed by phylogenetic tree, four major clades were formed, with SLC30A7 and SLC30A5 in a clade, SLC30A6 and SLC30A9 in a clade, SLC30A10 and SLC30A1 in a clade, SLC30A4, SLC30A2 and SLC30A8 in a clade, respective (Fig. 3 ). We speculated that these genes falling into one clade may be derived from a very ancient lineage of vertebrate. Similar relationships of these genes have been reported in mammalian SLC30 genes, which therefore are divided into four subfamilys [4] .
However, the common carp SLC30A7-1 and its homologous-copy SLC30A7-2 didn't fall into a distinct clade. As shown in Fig. 3 , SLC30A7-1 is placed into a subclade with the orthologous from zebrafish, medaka, chicken and lizard, but SLC30A7-2 is placed out of the subclade. Therefore, phylogenetic analysis alone did not provide a solid support for the annotation of the common carp SLC30A7-2. We therefore conducted syntenic analysis of this gene. As shown in Fig. 4 , the annotation of common carp SLC30A7-2 is apparently supported by syntenic analysis by comparing the genomic region containing SLC30A7-2 in human, mouse, chicken, lizard, Xenopus, Tetraodon, zebrafish and common carp. The gene order is well conserved, even with an exception of an inversion of VCAM1 and CDC14A between chicken and lizard.
To further confirm the annotation of the remaining SLC30 genes, another gene member SLC30A1 was selected for the syntenic analysis as well, which has four orthologous copies in common carp. As shown in Fig. 5 , it is apparent that the annotation of the common carp SLC30A1 was supported by the conserved syntenies. In the genomic neighborhood containing the SLC30A1 gene, the gene order was well conserved, with lpgat1, nek2 on the one side of the SLC30A1 gene, and rd3 gene on the other side of the SLC30A1 gene in the genomes of human, mouse, chicken, Xenopus, Tetraodon, tilapia, zebrafish and common carp (Fig. 5) . Apparently, SLC30A1a-1 located in common carp chromosome 40 and SLC30A1a-2 located in chromosome 48 are the result of gene duplication in carp genome, based on their highly conserved syntenic regions (Fig. 5 ).
Phylogenetic Analysis of SLC39 Transporters
Overall, phylogenetic analysis well supported the annotations of common carp SLC39 genes. All the common carp SLC39 genes fell into their respective clades with orthologous genes from other species (Fig. 6 ). SLC39A8 had two copies in zebrafish genome, but there was only one copy in common carp. So we could conjecture that the common carp SLC30A8 experienced potential gene decrease during the evolution. SLC39A4 is the only one that has 3 copies in SLC39 family. Phylogenetic tree showed that SLC39A4-1 and SLC39A4-2 grouped together first and then formed one clade with common carp SLC39A4-3, indicating that the duplication of SLC39A4-1 and SLC39A4-2 might occurred after the appearing of the SLC39A4-3. Interestingly, zebrafish SLC39A3 fell into the clade of SLC39A1s. We further investigated the sequences of zebrafish SLC39A3, and found that the similarity of zebrafish SLC39A3 with human SLC39A3 was only 23% while the similarity of zebrafish SLC39A3 with human SLC39A1 was 35%, suggesting that zebrafish SLC39A3 gene highly likely is another copy of SLC39A1. SLC30A5, SLC30A6 and SLC30A10 fell into a subclade, which is consistent with other mammalian studies [20, 21] . However, intriguingly in our results, SLC39A10 was firstly grouped with SLC39A5 when SLC39 orthologous from only three species were used (Fig. 2) , while SLC39A10 was firstly grouped with SLC30A6 when more SLC39 orthologous were added (Fig. 6) . The latter is in agreement with previous data reported in mammalian systems [20, 21] . This might be caused by two reasons: firstly, the sequence similarities of those three paralogous are very high, and the protein structures are highly conserved [21] . They are phylogenetically close to each other, therefore make it relatively difficult to tell which two are closer. Secondly, it is acceptable that adding more orthologous for phylogenetic analysis results in slightly different phylogenetic trees. The more orthologous are used, the more reliable the phylogenetic tree would be considered to be.
Gene Duplications and Losses of Zinc Transporters in Common Carp
Whole-genome duplication (WGD) is one of the major drivers that have shaped the evolutionary history of many vertebrates. Since Ohno suggested that two rounds of large-scale gene duplication had occurred early in vertebrate evolution [22] , a number of studies on the comparative analysis of Hox gene clusters provided solid evidences in support of Ohno's hypothesis [23] [24] [25] [26] . An additional round of duplication, also named teleost-specific (TS) WGD, or the 3R WGD, took place in the common ancestor of all extant teleost. As a result of genome duplication, teleost fish have two paralogous copies for many genes, while only one ortholog is present in tetrapods.
For salmonids and some cyprinids such as common carp and goldfish, additional TS WGD (the 4R WGD) occurred, according to estimations probably between 5.6-11.3 MYA [27] . Analysis of microsatellite loci [28] and comparing common carp linkage map to zebrafish genome [29] provided critical evidence in support of the 4R duplication event in common carp. Followed by whole genome duplication, lineage-specific paralog duplication and loss are frequently observed during evolution. In this study, by examining the copy number of zinc transporter genes in several vertebrate genomes, with focus on common carp and other fish with sequenced genomes, we inferred thirteen members of zinc transporters in common carp have undergone the gene duplications, including SLC30A1, SLC30A2, SLC30A5, SLC30A7, SLC30A9, SLC30A10, SLC39A1, SLC39A3, SLC39A4, SLC39A5, SLC39A6, SLC39A7 and SLC39A9 (Table 2 ). These genes are highly likely duplicated as a result of the 4R WGD, because double or more copies of respective gene were present in common carp than in its closely-related model fish species zebrafish. In addition to the duplication, lineage-specific gene losses were observed as well. For instance, single copy of SLC30A4, SLC30A6, SLC30A8, SLC39A8, SLC39A10, SLC39A11, SLC39A13 and SLC39A14 were observed in common carp genome suggesting potential gene losses after whole genome duplication (Table 2) . SLC39A2 was not found in any fish genome, which appeared as a result of gene loss after the split of teleost fish from tetrapods (Table 2) . 
Expression Profiling of Zinc Transporter Genes of Common Carp and Potentially Functional Inferences
Given the unexpected expansion of the zinc transporters gene family in common carp, it was of interest to examine how many of these genes are actually expressed, and to determine the expression pattern of these genes. In order to achieve these objectives, we conducted RT-PCR using gene-specific primers to examine the expression pattern of each gene in various common carp tissues. As shown in Fig. 7 , both SLC30 and SLC39 families exhibit unique tissue-specific expression.
In general, most of the zinc transporter genes are widely expressed, but with a relatively high expression level in blood, brain, gill, heart, intestine, spleen and kidney (Fig. 7) , since these tissues are more likely to be involved zinc acquisition, recycling or transfer. The zinc transporters play important roles in various physiological processes, with a large portion of which involved in diverse physiological diseases [30, 31] . Extensive functional studies have been performed in mammals, but specific functions in fish are largely unknown. The establishment of gene expression pattern, together with the information of orthologous from model species should provide potential for functional inferences, with the understanding that the function of lineage specific genes can be distinct depending on living environments under different selection pressure [18] . Functional inferences for zinc transporter genes that have undergone duplications or losses in teleost fish are of most interest because they are potentially underlying the adaptations to aquatic environments.
SLC30s (ZnTs)
In mammals, the expression of ZnT1 has a wide tissue distribution [32] . Different from mammals with one copy of ZnT1, four copies of ZnT1 were identified in common carp. Of the four copies, only SLC30A1a-2 is highly expressed in most of the tissues. The other three are highly expressed in distinctive tissues. Gene expressed in different cells or tissues may have different functions. Based on the hypothesis of subfunctionalization of WGD-derived duplicates, duplicated genes may be retained with portions of the function of the ancestral gene [33] . SLC30A1 had been demonstrated an essential role in embryonic development, maternal zinc transport to embryos, and in maintenance of cellular zinc homeostasis in SLC30A1 KO mice [34] . Female heterozygous SLC30A1 KO mice are more susceptible to dietary zinc deficiency-induced embryonic development abnormality during pregnancy than the wild type control, suggesting that SLC30A1 is essential in maintaining normal zinc homeostasis in adult mice [4] .
As shown in Fig. 7 , the expression of SLC30A2, SLC30A4, SLC30A5, SLC30A7 and SLC30A9 have a wide tissue distribution, with slight difference of distribution pattern between the two copies of each gene. SLC30A2 (ZnT2) is believed to participate in apoptosis [35] , zinc export in mammary glands [36] , and affecting normal growth and development of infants [37] , although no animal KO model of ZnT2 has been established yet. In mammals, ZnT2 expressed as a highest level in intestine, kidney [38] , which is consistent with our result (Fig. 7) , indicating the similar function of ZnT2 in common carp. Mammalian ZnT4 controls zinc deposition in milk [39] , and maintains body zinc homeostasis in middle-or lateadulthood [40] . ZnT5 plays important role in development by regulating the secretion of growth hormone [41] . Mice lacking ZnT5 grow poorly and are lean [42] . The null mutation of SLC30A7 in mice results in retarded growth and a lean phenotype. SLC30A7 KO mice are zinc deficient evident by low serum zinc levels and reduced zinc contents in major organs including liver, intestine, kidney, and bone [43] .
The expression of SLC30A6, SLC30A8 and SLC30A10 is observed only in a few tissues of common carp (Fig. 7) . Differently from human SLC30A6 that was predominantly expressed in brain, liver, and intestine [44, 45] , our result showed highly expression of SLC30A6 were observed in blood and kidney in common carp (Fig. 7) . Human SLC30A8 mRNA was only detected in the brain and liver tissues [46] , while high expression level were detected in blood, brain, heart and spleen in common carp (Fig. 7) . Different tissue distribution of these genes indicated their functions are highly likely to be different among different species.
SLC39s (ZIPs)
Overall, the expression level and pattern of SLC39s are various in different tissues of common carp (Fig. 7) . SLC39A1, SLC39A3, SLC39A5, SLC39A6, SLC39A7 and SLC39A9 are ubiquitously expressed in common carp tissues, while the remaining genes are mainly expressed in only two or three tissues. In mammals, most of the ZIPs are widespread expressed in tissues, including SLC39A1, SLC39A2, SLC39A3, SLC39A6, SLC39A7, SLC39A8, SLC39A13 and SLC39A14, while the remaining genes are expressed only in specific cells or tissues [20] . SLC39A1, SLC39A2, SLC39A3 and SLC39A8 were reported to be zinc uptake transporters, and associated with growth hormone level in the body [47] [48] [49] [50] . SLC39A4 is involved in zinc absorption and significantly up-regulated during zinc deficiency [51] . SLC39A5 is thought to play unique role in polarized cells by sensing zinc status [52] , and regulate intestinal zinc excretion to protect against zinc-induced acute pancreatitis [53] . SLC39A7 is involved in the formation of eye, brain and skeleton during early embryonic development [8] . Other SLC39s such as SLC39A6, SLC39A8, SLC39A10 and SLC39A14 play critical roles in immune system [54] [55] [56] [57] [58] .
Conclusions
A total of 37 zinc transporters were identified from common carp genome. Phylogenetic analysis, along with syntenic analysis if necessary, allowed annotation of these transporters. Our result showed that the majority of zinc transporters were well conserved through evolution. Clear orthologous relationships were established for the majority of zinc transporter genes, enabling the possibility for functional inference of the common carp transporters. Most of the zinc transporter genes were ubiquitously expressed in common carp, but highly expressed in the issues that are more likely to be involved zinc acquisition, recycling or transfer, indicating the critical roles of this gene family in maintaining zinc homeostasis. However, detailed functions of each gene need further studies. The whole set of zinc transporters provided essential genomic resources for future biochemical, toxicological, physiological and evolutionary studies in common carp and other teleost.
Materials and Methods
Ethics statement
This study was approved by the Animal Care and Use committee of the Centre for Applied Aquatic Genomics at the Chinese Academy of Fishery Sciences.
Identification of SLC30 and SLC39 Transporter Genes and Homologs
All available SLC30 and SLC39 transporters from zebrafish and human were downloaded from Ensembl (http://www.ensembl.org) and used as queries to search against all available common carp genomic resource including whole genome sequences, transcriptome sequences, cDNAs by BLAST searches to acquire the candidate genes with an E-value cutoff of 1e-5. Then reciprocal BLAST searches were conducted by using the candidate common carp zinc transporter genes as queries to verify the veracity of candidate genes. Additionally, the coding sequences were confirmed by BLAST searches against NCBI non-redundant protein sequence database (nr). The simple modular architecture research tool (SMART) was used to predict the conserved domains based on sequence homology and further confirmed by conserved domain prediction from BLAST. The full-length amino acid sequences as well as the partial sequences coding for the conserved domains were used in the phylogenetic analysis. The SLC30 and SLC39 proteins from other organisms were retrieved from the Ensembl genome database (Release 75) for phylogenetic analysis with exclusion of partial sequences.
Phylogenetic and Orthology Analysis
For the sake of annotating the SLC30 and SLC39 transporters, phylogenetic analysis was conducted with reference SLC30 and SLC39 proteins from zebrafish, human, and other representative vertebrate species. The gene names and accession numbers of the reference SLC30s and SLC39s used in this study are shown in S1 Table. For nomenclatures of the common carp SLC30 and SLC39, whenever possible we followed those of zebrafish because zebrafish is the most closely related model species to common carp. Multiple protein sequences were aligned by ClustalW with default parameters. We performed maximum likelihood analysis in MEGA6 with bootstrap test of 1000 replicates. The best-fit model was the JTT+I+G model which uses a Jones-Taylor-Thornton (JTT) matrix and incorporates a proportion of invariant sites (+I) and the gamma distribution for modeling rate heterogeneity (+G). The maximum likelihood trees were constructed using MEGA6 with Subtree-Pruning-Regrafting -Extensive (SPR level 5) as the LM Heuristic Methods. Each gene member assignment of common carp zinc transporter proteins was determined by phylogenetic analysis with zinc transporter proteins from zebrafish and human. Separate phylogenetic analyses were constructed per family using the same methodology with other representative vertebrate species including zebrafish, chicken, Xenopus, lizard, mouse and human. The ortholgoy analysis was conducted by analyzing synteny regions harboring SLC30A1 and SLC30A7. Shared synteny was searched by examining the conserved co-localization of neighboring genes on chromosome/scaffold of common carp and several vertebrates based on genome information from Ensembl.
Expression of Zinc Transporter Genes
Total RNA from various adult common carp tissues (blood, brain, gill, heart, intestine, liver, muscle, skin, spleen, kidney) was extracted using Trizol reagent (Life technologies, NY, USA), and the cDNA was synthesized by the RT-PCR using the SuperScript III Synthesis System (Life technologies, NY, USA). ß-actin gene was used as an internal positive control, with forward primer (59-TGCAAAGCCGGATTCGCTGG-39) and reverse primer (59-AGTTGGTGACAATACCGTGC-39). The PCR comprised an initial denaturation step for 2 min at 94˚C followed by 30 cycles of denaturation (30 sec at 94˚C), annealing (30 sec at 60˚C), and extension (20 sec at 72˚C), and a final elongation step of 5 min at 72˚C. The PCR products were separated by gel electrophoresis (1.5% agarose gel at 150 V) in the presence of ethidium bromide and visualized under ultraviolet light.
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